The structure of 4-methylphenol ͑p-cresol͒ and its binary water cluster have been elucidated by rotationally resolved laser-induced fluorescence spectroscopy. The electronic origins of the monomer and the cluster are split into four sub-bands by the internal rotation of the methyl group and of the hydroxy group in case of the monomer, and the water moiety in case of the cluster. From the rotational constants of the monomer the structure in the S 1 state could be determined to be distorted quinoidally. The structure of the p-cresol-water cluster is determined to be trans linear, with a O-O hydrogen bond length of 290 pm in the electronic ground state and of 285 pm in the electronically excited state. The S 1 -state lifetime of p-cresol, p-cresol-d 1 , and the binary water cluster have been determined to be 1.6, 9.7, and 3.8 ns, respectively.
I. INTRODUCTION
In the present study we present the determination of the geometry of p-cresol and its binary water cluster in the ground state and the electronically excited S 1 state by means of rotationally resolved electronic spectroscopy. The determination of excited state structures of aromatic molecules gives insight into the changes of the electronic properties of the chromophore. In a series of investigations, we determined the structural changes of some para-disubstituted aromatic molecules such as p-fluorophenol, 1 p-cyanophenol, 2 and p-methylstyrene. 3 In all these cases a quinoidal distortion along the a axis of the molecule is found, whereas for singly substituted benzenes a symmetric distortion ͑ben-zenoid͒ of the aromatic ring is found. 4 Changes of the electronic properties are also reflected in the change of the torsional barriers of symmetric ͑e.g., CH 3 ͒ or asymmetric tops ͑e.g., OH͒, which are directly attached to the benzene ring. In recent publications it was shown how the different electronic properties of the fluorine and the cyanogroup influence the barrier to hydroxy torsion in both electronic states of p-fluorophenol and p-cyanophenol. 1, 2 4-methylphenol possesses two feasible large amplitude motions: the methyl rotation with a mixed V 3 / V 6 potential and the twofold hydroxy rotation. The molecular symmetry group that describes both motions is G 12 . In the p-cresol-water cluster, the OH torsion is quenched; instead an additional splitting due to the torsional motion of the water moiety with respect to the water symmetry axis is observed. This barrier is expected from the similar phenolwater system to be quite low. Thus, we have the case of twolow barrier torsional motions, which will split the origin into four sub-bands, an A ͑3͒ -E pair due to the threefold motion and an A ͑2͒ -B pair due to the twofold rotation. We use the superscripts ͑2͒ and ͑3͒ to distinguish the different A sublevels from the two-and threefold internal rotation from the A rotational constant. Since the rotational constants of this cluster are quite small, the overlapping of four subspectra leads to a very-congested overall spectrum in which it is difficult, if not impossible, to identify single rovibronic lines. However, the assignment of well-resolved lines to specific quantum numbers of the transitions is an indispensable prerequisite for an assigned fit of the molecular parameters. We have shown recently that in these cases of many overlapping lines, the use of a genetic algorithm approach for automated assignment of the spectra simplifies the interpretation and in many cases only makes it possible. 5 4-methylphenol has found considerable interest as a chromophore and simple molecular model of the aromatic amino acid tyrosine. 6 Proton transfer, electron transfer, and hydrogen transfer are important processes in clusters of tyrosine. E.g., in the water oxidizing complex of photosystem II, tyrosine is oxidized and reduced by hydrogen atom transfer involving tyrosine, water, and histidine in the active center. 7 The electronic ground state of p-cresol has been investigated by infrared 8, 9 and Raman spectroscopy, 6, 10 by stimulated emission dip spectroscopy, 11 and by dispersed fluorescence spectroscopy. 12 Recently Lin et al. presented a massanalyzed threshold ionization spectrum of the p-cresol cation. 13 The nature of conformational preferences in p-cresol has been studied theoretically by Richardson et al. MP2 level of theory to be eclipsed with respect to the methyl-group orientation, and the OH group on the same side of the aromatic ring as the eclipsed methyl hydrogen ͑syn͒, c.f. Fig. 1 .
Several p-cresol-water clusters with up to four water molecules have been studied using dispersed fluorescence and-resonant two-photon ionization ͑R2PI͒ spectroscopy in the region of the intermolecular vibrations. 15, 16 From the vibrational analysis it is deduced that the binary cluster is hydrogen bound via a trans-linear H bond as in the similar phenol-water system.
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II. EXPERIMENTAL SETUP
The experimental setup for high-resolution laser-induced fluorescence ͑LIF͒ is described in detail elsewhere. 18 Briefly, the molecular-beam machine consists of three differentially pumped vacuum chambers that are linearly connected by two skimmers with orifice diameters of 1 mm ͑first chamber͒ and 2 mm ͑second chamber͒ for the reduction of the Doppler width to 25 MHz. The expansion chamber is evacuated by a 8000-l / s oil diffusion pump ͑Leybold DI 8000͒, which is backed by a 250-m 3 / h roots blower pump ͑Saskia RPS 250͒ and a 65-m 3 / h rotary pump ͑Leybold D65B͒. The second chamber serves as a buffer chamber and is pumped by a 400-l / s turbo-molecular pump ͑Leybold Turbovac 361͒, backed by a 40-m 3 / h rotary pump ͑Leybold D40B͒, maintaining a chamber pressure below 1 ϫ 10 −5 mbar. The third chamber is pumped by a 145-l / s turbo-molecular pump ͑Leybold Turbovac 151͒ through a liquid-nitrogen trap and backed by a 16-m 3 / h rotary pump ͑Leybold D16B͒ resulting in a vacuum better than 1 ϫ 10 −6 mbar. The molecular beam is crossed at right angles with the laser beam 360 mm downstream from the nozzle.
The laser system consists of a ring dye laser ͑Coherent 899-21͒, which is pumped with 6 W of the 514-nm line of an Ar + -ion laser ͑Coherent Innova 100͒. This light is coupled into an external-folded ring cavity ͑Spectra Physics͒ for second-harmonic generation ͑SHG͒. Typical UV powers are 10-40 mW. The laser-induced fluorescence is collected perpendicular to the plane defined by the laser and molecular beam by an imaging optics setup consisting of a concave mirror and two plano-convex lenses. Data acquisition is performed and synchronized by means of a home-built real time LINUX program.
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III. THEORY OF THE INTERNAL ROTATION
The coupling between the internal rotation of the methyl group and the overall rotation of the molecule and the coupling of the OH and the water torsion with the overall rotation are treated in the formalism of the principal axis method ͑PAM͒. 20, 21 This is exact in the first ͑symmetric-top͒ case, but only an approximation for the twofold ͑asymmetric͒ top. Nevertheless as the hydrogen atom of the OH group and in the water moiety is light, and the inertial axes remain virtually unchanged during rotation of the top, the application of the PAM leads to reliable results. The Hamiltonian for the rotation-torsion interaction can be written as
with the rigid rotational Hamiltonian given by
The torsional Hamiltonian for the mixed V 3 / V 6 potential ͑methyl torsion͒ is given by
and for a twofold V 2 potential ͑OH and water torsion͒ by
F is the torsional constant and defined by
Here the g ͑g = a , b , c͒ are the direction cosines between the inertial axes and the axis of internal rotation. I ␣ is the moment of inertia of the internal rotor with respect to its symmetry axis and I g are the principal moments of inertia of the entire molecule. In what follows, the treatment for the n =2 and n = 3 potentials is identical. The coupling of internal and overall rotation is described by Ĥ RT : 20, 22 
where the first-order perturbation coefficients The coefficients g with g = a , b , c are defined as
with as the angle between the projection vector of the n-fold rotor axis on the ab plane and the a axis.
The nth-order perturbation coefficients W ͑n͒ in Eq. ͑7͒
are defined by
where ͉ , ͘ are eigenfunctions of Eqs. ͑3͒ and ͑4͒, and E are the respective eigenvalues with as the torsional state index.
IV. THE GENETIC ALGORITHMS
The experimental spectra were assigned automatically using a genetic algorithm-based fit described in detail in Refs. 5 and 23. We used the genetic algorithm ͑GA͒ library PGAPACK version 1.0, which can run on parallel processors. 24 The calculations were performed on eight processors of a SUN UltraSPARC 333 MHz and on a 2.6-GHz personal computer ͑PC͒ with two processors under LINUX. The genetic algorithm uses concepts copied from natural reproduction and selection processes. For a detailed description of the GA the reader is referred to the original literature on evolutionary or genetic algorithms. [25] [26] [27] In the present work a population of 300 was used and the calculation was completely converged after 500 generations. The other parameters which control the genetic algorithm convergency are similar as in Ref. 5 .
The cost function used to describe the quality of the fit was defined as C fg = 100͑1−F fg ͒ with the fitness function F fg :
f and g represent the experimental and calculated spectra, respectively, and the inner product ͑f , g͒ is defined with the metric W, which has the matrix elements W ij = w͉͑j − i͉͒ = w͑r͒ as
and the norm of f as ʈfʈ = ͱ ͑f , f͒ and similar for g. For w͑r͒
we used a triangle function 23 with a width of the base of ⌬w:
ͮ ͑14͒
Since the GA performs an intensity fit of the complete spectrum, much better information on the transition dipole moment ͑TDM͒ orientation and linewidth parameters are gathered than from an intensity fit to a few individual lines. Thus, the GA results in improved values for the in plane angle of the TDM and also of the Lorentzian width of the individual rovibronic lines. Therefore, excited state lifetimes can be determined with a much higher accuracy than in lineshape fits of individual rovibronic lines. Figure 2 shows the rotationally resolved LIF spectrum of the electronic origin of p-cresol. The spectrum is a pure b-type spectrum. It is split into two components, A ͑3͒ and E by the internal rotation of the methyl group ͑E ,0 − E ,±1 ͒. Their respective origins, which are 8218 MHz apart, are marked arrows.
V. RESULTS AND DISCUSSION
A. 4-methylphenol
In two recent publications 3, 28 we showed how a combined fit to high-resolution rovibronic data and lowresolution torsional transitions can be used to improve the determination of the barriers and torsional constants in both electronic states. A, B, C, V 3 , V 6 , F, and were fitted for each electronic state to the rotationally resolved origin and to the torsional transitions from Ref. 29 . These torsional transitions are obtained from the zero-order perturbation coefficient, c.f. Eq. ͑9͒. The rovibronic spectrum was fitted using the genetic algorithm ͑GA͒ approach, described in Ref. 5 . The parameters that determine the intensity and line form are the rotational temperatures, the Lorentzian and Gaussian linewidths, and the projections of the transition dipole moment on the inertial axes. They can be fitted most favorably using the GA algorithm. The Lorentzian contribution to the linewidth of the Voigt profile with a fixed Doppler width of 25 MHz is determined to be 100± 10 MHz, equivalent to a S 1 -state lifetime of 1.6± 0.2 ns. The results of the fits are compiled in Tables I and II. Closer inspection of the spectrum shows that each of the rovibronic transitions is further split into two close lying sub-bands ͓c.f. Fig. 2͑c͔͒ due to the hindered -OH torsion. As a twofold torsion leads only to nondegenerate A ͑2͒ ͑ =0͒ and B ͑ =1͒ levels, the first-order perturbation coefficients from Eq. ͑10͒ are zero. The second-order perturbation coefficients which are nonzero ͓Eq. ͑11͔͒ are quadratic in the angular momentum and can therefore be incorporated in the rotational constants. Since the OH-torsional barrier is very high, the perturbations are small and both sub-bands can be fitted with the same set of effective rotational constants and an origin shift between the A ͑2͒ and B bands of 90 MHz.
Determination of barriers and torsional constants in both electronic states demands more information from other spectroscopic techniques. In the microwave spectrum a splitting of the b-type transitions of 175 MHz has been observed. 30 The selection rule for b-type transitions is ⌬ = ± 1, so that the splitting between the subtorsional levels amounts to 87.5 MHz. The frequency of the pure torsional transition has been determined by IR spectroscopy to be 294 cm −1 . 9 The first overtone of the torsional vibration in the electronically excited state is determined to be 1199 cm −1 . Using these transitions and fixing the torsional constant F at 690 GHz ͑the value in phenol͒, we are able to fit the ground-state torsional V 2 barrier to 1130 cm −1 and the excited state barrier to 4395 cm −1 . Both values are slightly lower than the corresponding values in phenol ͑1215 and 4710 cm −1 , respectively͒. Figure 3 shows the rotationally resolved LIF spectrum of the electronic origin of 4-methyl͓7-D͔phenol. The spectrum is a pure b-type spectrum. Due to the heavier OD group, the twofold torsion is quenched in this system and the molecular symmetry group for the description of the molecule is G 6 . Consequently, the origin band consists only of a split pair of A ͑3͒ and E bands with a frequency spacing of 8656 MHz. Table I gives the molecular parameters that have been determined using the GA program. The lifetime for 4-methyl͓7-D͔phenol is determined to be 9.7± 0.6 ns from a Lorentzian contribution to the total linewidth of 16.4± 1 MHz. The A ͑3͒ E subtorsional splitting is very similar to the splitting in 4-methylphenol, also indicating similar potential barriers. As no torsional bands of 4-methyl͓7-D͔phenol have been measured not enough data are available to fit the barriers to methyl rotation in this molecule. Nevertheless, since the effect of hydroxy deuteration on the methyl barrier is supposed to be small, we set barriers and torsional constants equal to those of 4-methylphenol. Figure 4 presents the rotationally resolved electronic spectrum of the origin of the p-cresol-water cluster at 34 972.873 cm −1 . The origin is split into an A ͑3͒ and an E sub-band due to the methyl torsion with a subtorsional splitting of 5459 MHz and into an A ͑2͒ and B sub-band due to the water torsion with a subtorsional splitting of 29 428 MHz. 
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The angle of the transition dipole moment with the a axis is determined from the relative intensities of a and b bands to be 76.70°. The rotation of 13.3°with respect to the monomer is in good agreement with a value of 20°, that is predicted by rotation of the inertial axis upon cluster formation on the basis of the ab initio structure. As in the case of phenol, the subtorsional structure due to the twofold water torsion can be fit using a rigid-rotor model with different rotational constants for both components. Similar to the phenol-water case, the B and C rotational constants of the ͑ =0͒ and ͑ =1͒ components are equal within their uncertainties. The A constants of the subtorsional components differ by about 11 MHz, indicating that the torsional axis of the water torsion is more or less parallel to the main inertial a axis of the cluster. This structure can be described as a trans-linear hydrogen bond configuration, with the water moiety acting as proton acceptor, like in phenol water. A spin statistics of 1:3 for the ratio of ͑ =0͒ to ͑ =1͒ further supports a structure with the water moiety symmetric with respect to the aromatic plane.
This analysis clearly shows the convenience of the GA analysis of such a complex spectrum. Although by eye no periodicity can be observed at first glance, the GA is capable of easily finding the two splittings from the methyl torsion ͑5459 MHz͒ and the water torsion ͑29 428 MHz͒. Of course, the application of the GA-based-automated technique still requires the choice of the "correct" Hamiltonian for the problem under consideration. An easy way of finding spectral splittings ͑and thus obtaining information about the required Hamiltonian͒ is to perform an autocorrelation of the spectrum. This method has been shown by Helm et al. to be helpful in the analysis of the phenol-water cluster spectrum 31 and later by Remmers et al. in the analysis of the tunneling spectrum of the benzoic acid dimer. 32 Nevertheless, if one component of the complete spectrum amounts to more than 50% of the total intensity, the GA is capable of fitting this part of the spectrum, although it might be concealed in the dense spectrum of other component͑s͒ and would therefore be inaccessible to a classical analysis using line-positionassigned fits. From the difference of the partly fitted spectrum to the experimental one, the missing components can easily be recognized and subsequently fitted.
In order to compute the geometrical rotational constants from the torsionally perturbed constants of Table III , we have to estimate the V 2 potential energy barrier and the torsional constant F for the water torsion in both electronic states. However, only three pieces of information are available for the determination of these four parameters: the ͑ =0͒ / ͑ =1͒ subtorsional splitting of 29 428 MHz, and the difference of the A rotational constants for ͑ =0͒ and ͑ =1͒ in the electronic ground state and in the electronically excited state. Fixing FЉ of the ground state to the value determined for phenol water 28 ͑14.813 cm −1 ͒ ͑the ground-state acidities of phenol and cresol are similar, therefore one would expect similar torsional constants for the water moiety͒, a ground- 
D. Determination of the structures
The program pKrFit ͑Ref. 4͒ was used to determine the structure of 4-methylphenol in the S 0 and S 1 states from the rotational constants of the two isotopomers described above. Due to the limited number of isotopomers in this study, we performed a fit to the r 0 structure, which completely neglects the vibrational contributions from the different isotopomers. A simple model for the geometry has been adopted, that is given in Fig. 1 . All aromatic CH bonds are set to the same value ͑107.7 pm for the ground state and 107.4 pm for the excited state͒, the CH bonds of the methyl group are fixed at 109.0 pm. The OH bond lengths from the structural fits of phenol have been taken as constants ͑96 pm in the S 0 and 99 pm in the S 1 states͒. Opposing CC bonds are set equal. Table IV gives the results for the fits of the S 0 and the S 1 structure. The aromatic ring expands upon electronic excitation quinoidally, as has been found for other paradisubstituted aromatic compounds. The CO and the CC methyl bond lengths decrease, which are in agreement with a quinoidal distortion of the ring system. The relative shortening of these bands cannot be determined accurately, as both bonds nearly coincide with the main inertial a axis. Because the deuteration is at a position close to this axis, both bond lengths are strongly correlated. The results present therefore only one possible combination of the bond length decreases.
From the above determined S 0 and S 1 structures of the cresol moiety, we fitted the structure of the p-cresol water to the geometric rotational constants. All geometry parameters in p-cresol have been kept fixed at the monomer values, the geometry of the water moiety has also been kept fixed. We imposed the symmetry constraint on the fit: The H atoms of the water moiety are symmetric with respect to the aromatic plane. Table V shows the results.
The O-O hydrogen bond length decreases by 5.0 pm upon electronic excitation, imaging the increased acidity of p-cresol upon electronic excitation, while the OOC angle and the HOOC dihedral, describing the orientation of the water moiety, nearly stay constant. Two different views of the ground and excited state structure are shown in Fig. 5 .
VI. CONCLUSIONS
The value for the torsional barrier due to the internal rotation of the hydroxy group in p-cresol was found to be 1130 cm −1 in the ground state and 4395 cm −1 in the excited state. These values can be compared to the V 2 barriers of other p-disubstituted phenols and of phenol itself, given in Table VI .
Relative to phenol, para substitution with fluorine ͑ϩmesomeric effect͒ and methyl ͑ϩinductive effect͒ leads to a decrease of the torsional barrier in both electronic states, while the cyano group ͑Ϫmesomeric effect͒ increases the barrier. Electron accepting groups ͑as cyano͒ stabilize a partial quinoidal structure of the p-substituted phenol with some double bond characters of the CO bond, while electron donating groups destabilize it. The lifetime of 4-methyl͓7-D͔phenol determined from the Lorentz contribution to the Voigt profile ͑9.7 ns͒ is substantially longer than the respective 4-methylphenol lifetime of 1.6 ns. A similar increase of the S 1 -state lifetime was found for phenol and ͓7D͔phenol and was explained by a smaller probability for tunneling of the OD species through the barrier which separates the 1 * from the 1 * surface. 33 The V 3 and V 6 barriers of the methyl-group torsion are low, as is typical for molecules with G 12 symmetry. Barriers determined from 4-methylphenol and 4-methyl͓7-D͔phenol are equal within the uncertainty, showing that the two torsional motions are mainly decoupled. From the rotational constants of both isotopomers, the structural change upon electronic excitation could be determined. As it is typical for para-disubstituted aromatics, the ring expands quinoidally upon excitation, while the two bonds in the para position decrease. The decrease of the CO bond length mirrors the shift of electron density from the oxygen atom to the aromatic ring, which takes place and is the reason for the increased acidity of phenols upon electronic excitation.
The rotationally resolved electronic spectrum of the origin of the water cluster is split into an A ͑3͒ E pair due to the methyl-group rotation and into an A ͑2͒ B pair due to the torsional motion of the water moiety. The S 1 lifetime of the p-cresol-water cluster determined from the Lorentz contribution to the Voigt profile is 42± 5 MHz, equivalent to a S 1 -state lifetime of 3.8± 0.5 ns, which is much shorter than the lifetime of the similar phenol-water cluster ͑15 ns͒. The large increase of the lifetime by going from phenol to the phenol-water cluster was attributed by Sobolewski and Domcke to a removal of the conical intersection of the 1 * surface with the ground state. Furthermore, the 1 * surface shifts to higher energies, and develops a minimum at the hydrogen-transferred geometry of the cluster. 33 The longer lifetimes of deuterated phenol and the phenol-water cluster compared to phenol have therefore different explanations ͑smaller tunneling rate versus removal of a conical intersection͒. For the explanation of the lifetimes, it was also discussed that a rapid internal conversion takes place with the OH stretching vibration as an accepting mode. 34, 35 Both deuteration and complexation with water lower the stretching frequency of the OH vibration, reducing its ability to act as an accepting mode. In this picture the lifetime of the p-cresol-water cluster should be equally increased as the one of deuterated p-cresol. However, we found a much shorter lifetime for the cresol-water cluster than for the deuterated cresol, strongly favoring the lifetime model of Sobolewski and Domcke. 33 The structure of the p-cresol-water cluster could be determined to be trans-linearly hydrogen bound, with cresol as proton donor like in the similar phenol-water cluster. The OO hydrogen bond length could be determined to be 290 pm in the ground state and to 285 pm in the electronically excited state. This decrease in hydrogen bond length is a consequence of the increased acidity of p-cresol in the S 1 state, which leads to a stronger hydrogen bond. Again, the decrease of the hydrogen bond length of 5 pm is very similar to the corresponding value in phenol water ͑4 pm͒.
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